Brain imaging studies in humans have shown the existence of a shared somatosensory representation in the primary somatosensory cortex (S1), putatively involved in understanding others' sensations (Keysers et al., 2010); however, the role of S1 in such a high-level process is still unknown. To ascertain the causal involvement of S1, and its possible hemispheric lateralization, in encoding the affective valence of emotional scenes, depicting, or not, a tactile event, we gave to healthy participants a picture-based affective go/no-go task and low-frequency repetitive transcranial magnetic stimulation (rTMS). The dorsolateral prefrontal cortex (DLPFC) was chosen as control site. rTMS over the right, but not the left, S1 selectively increased the participants' latencies in the affective go/no-go task, but only when the affective state was conveyed by touch; intriguingly, this interfering effect was associated with the empathic ability to adopt the subjective perspective of others. The left, not the right, DLPFC is also involved in affective go/no-go performance, but regardless of the sight of touch, and independently of empathic abilities. This novel evidence demonstrates the crossmodal role of right S1 in encoding the pleasant and aversive consequences of others' sensations evoked by touch.
Introduction
Touch has an emotional and communicative meaning, and therefore may play a peculiar role in social perception and empathy. Affective empathy consists in the affect produced in response to someone else's emotional state, a process that is facilitated by simulation or "mirroring" (Hein and Singer, 2008) . This simulation theory of empathy predicts that the automatic and subconscious simulation of others' somatic states produces an embodied representation, which can aid the understanding of the feelings of the observed person (Preston and de Waal, 2002; Decety and Sommerville, 2003) . In this perspective, the affect elicited by the sight of touch is driven by the emotion that may be conveyed by that touch (Hertenstein et al., 2006) .
The involvement of a shared sensory dimension in empathic responses is supported by evidence showing that the mere observation of others' sensory and emotional states can produce a somatic activation in the observer: the observation and the firsthand experience of touch or pain, as well as the emotional recognition of facial expressions and self-generated emotions, activate primary (S1) and secondary somatosensory cortices (for review, see Keysers et al., 2010) .
So far, the functional role of S1 in understanding others' sensations remains to be established. The consistent vicarious ("mirror-like") activation of S1 can be seen in two, not mutually exclusive, ways. It might reflect the unspecific coactivation of somatosensory representations by parietal and premotor neurons that are involved in understanding action consequences, by means of a feedback loop activating their associated somatosensory representations; alternatively, S1 might play a more specific causal role in coding the sensory consequences of the observed action, thereby informing the observer about the resulting sensations in others (Lamm et al., 2007) .
A second unsolved issue is the possible hemispheric specialization of S1 in social interactions. There is evidence of a righthemispheric functional asymmetry for the social brain (Brancucci et al., 2009) , emotion simulation (Adolphs et al., 2000) , and self-other distinction (Ruby and Decety, 2004) . Nevertheless, the neural bases of human resonance behavior are mainly located in the left hemisphere (Rizzolatti and Craighero, 2004; Minio-Paluello et al., 2006) .
To assess the causal role of S1, and its possible hemispheric asymmetry, in coding the affective valence of social touch, we used low-frequency repetitive transcranial magnetic stimulation (rTMS) and a picture-based affective go/no-go task. The dorsolateral prefrontal cortex (DLPFC) was chosen as control site (Bermpohl et al., 2005) . The advantage of this task, widely used in patients with affective disorders (Murphy et al., 1999) , is to link explicitly emotional and cognitive functions, since response selection and inhibition must be guided by emotional content. The novelty of our approach was to include pictures depicting a physical contact, an essential feature for social behavior, for assessing the selectivity of S1 in affective categorization of seen touch. Fi-nally, we explored whether activity in S1 may be related to differences in empathy.
Materials and Methods
Participants. Eighteen healthy, naive volunteers participated in Experiment 1 (2 males; 16 right-handed; mean age Ϯ SD ϭ 22.6 Ϯ 3.5 years), and 18 in Experiment 2 (3 males; 16 right-handed; age ϭ 24.5 Ϯ 3.8 years). Exclusion criteria included history of neurological and psychiatric disorders, and contraindications to rTMS (Rossi et al., 2009 ). The study, conducted in accordance with the Declaration of Helsinki, was approved by the local Ethical Committee. Written informed consent was obtained from participants.
Affective go/no-go task (adapted from Bermpohl et al., 2005) . Color photographs (18.4°ϫ 18.4°) were shown on a dark background (luminance ϭ 0.01 cd/m 2 ). Stimuli belonged to two experimental conditions: the "Touch" condition, with emotionally evocative pictures depicting a physical contact, namely a person being touched by another person or by an object (e.g., caress to the arm, a syringe into the arm); and the "NoTouch" condition, with emotionally evocative pictures depicting a scene not involving a physical contact (e.g., a person having fun, an injured person) (Fig. 1A) . Touch and No-Touch pictures were matched for: sex and number of characters, presence of facial or body emotions, and meaningful social interactions. The task comprised 32 pictures: 8 positive and 8 negative pictures for both Touch and No-Touch conditions. The reliable valence of these pictures was assessed through a preliminary experiment, where 22 healthy right-handed participants (3 males; age ϭ 22.5 Ϯ 3 years) underwent the affective go/no-go task, as described below, which comprised 44 pictures (11 for each positive/negative condition). After the task, participants rated each picture on three 100 mm Visual Analog Scales (VAS), namely: (1) "Which is the valence of the picture?" (left end-point ϭ extremely negative/right end-point ϭ extremely positive); (2) "Which sensation is evoked by this picture?" (strong pain/great pleasure); (3) "How would you feel if you were in this situation?" (very bad/very well). In this way, we selected the 32 pictures with the highest reliable valence ratings, namely: positive Touch (mean accuracy ϭ 93%, SD ϭ Ϯ4%, mean VAS value ϭ 88 mm, SD ϭ Ϯ5 mm), positive No-Touch (accuracy ϭ 91 Ϯ 4%, VAS ϭ 83 Ϯ 7 mm), negative Touch (accuracy ϭ 96 Ϯ 2%, VAS ϭ 9 Ϯ 8 mm), and negative No-Touch (accuracy ϭ 92 Ϯ 4%, VAS ϭ 12 Ϯ 10 mm).
During the experimental task, the 32 pictures were presented twice, for a total of 64 trials (i.e., 16 positive and 16 negative trials for both Touch and No-Touch conditions), given in 4 blocks. Before each block, an instruction was given specifying either positive [P] or negative [N] pictures as targets. Instructions were presented in PNPN or NPNP order in every experimental session (see below), with half of participants starting with the P instruction. During the task, the target picture was presented for 300 ms, followed by a blank window lasting 900 ms (Fig. 1B) . Participants were instructed to respond as fast as possible to the target by pressing the space bar, while refraining from responding to distracters. The task lasted ϳ10 min. Sequence/timing of the stimuli, and responses' recording were under computer control (E-prime software, Psychology Software Tools Inc.).
TMS protocol. Low-frequency (1 Hz), off-line rTMS was delivered using a Magstim Super Rapid magnetic stimulator and a figure-of-eight coil (Ø ϭ 70 mm) for focal cortical stimulation. rTMS was delivered for 10 min, with an intensity of 110% of the individual motor threshold at rest (rMT ϭ minimum TMS intensity that elicited detectable motor twitches in the digits of the contralateral hand in 3 of 6 consecutive single TMS pulses) (Rossi et al., 2009) . rMT was determined by stimulating the hand area of the right (Experiment 1) or left (Experiment 2) primary motor cortex. The mean rMT was 57 Ϯ 6% of the maximal output of the stimulator in Experiment 1, and 55 Ϯ 8% in Experiment 2.
In Experiment 1, we stimulated the right S1 in light of the efficacy of this stimulation for disrupting the visual perception of touch Rossetti et al., 2012) . The left DLPFC was chosen as active control site, given the left lateralization of the prefrontal contribution to affective go/no-go performance (Bermpohl et al., 2005) . Experiment 2 explored hemispheric asymmetries of the S1 contribution to affective go/no-go performance by stimulating the left S1; now, the right DLPFC was the control site (Bermpohl et al., 2005) .
The appropriate location for stimulating the S1 hand area was identified using a functional procedure: each participant performed a tactile detection task while receiving single TMS pulses (as described by Bolognini et al., 2011) . During TMS, almost every subject reported paresthesia in the contralateral hand; 29 participants showed a deficit (omissions ϭ 14.7%) in detecting the contralateral touch.
The Talairach coordinates of the DLPFC (x ϭ Ϫ/ϩ32, y ϭ 24, z ϭ 42), as reported in a previous fMRI study (Herrington et al., 2005) , were localized with the SofTaxic Navigator system .
Throughout the rTMS sessions, the coil was fixed in position with the aid of an articulated mechanical arm.
Experimental procedure
Participants were comfortably seated in an armchair, in a quiet, dimly illuminated room, at a distance of 45 cm in front of a PC monitor (Samsung SyncMaster 1200NF). Both experiments comprised 4 sessions. The training session allowed participants to become familiarized with the task before the experiment (different pictures were presented, not included in the experimental task). There were three experimental sessions, counterbalanced across participants (ABC-BCA-CAB order) and separated by wash-out periods of at least 60 min: the baseline without rTMS; and two Post-rTMS sessions, in which the task was given after the delivery of rTMS over S1 or DLPFC (Fig. 1C) . The entire procedure lasted ϳ2/3 h. In the baseline, half of the participants responded with the left index finger, and half with the right one, as a pilot study showed no difference in performance due to the hand used for responding ( p Ͼ 0.1); in the rTMS sessions, participants always responded with the hand ipsilateral to rTMS.
Interpersonal Reactivity Index
After each experiment, participants completed the Interpersonal Reactivity Index (IRI) (Davis, 1983), a 28-item self-report survey with four subscales: Perspective Taking (PT) and Fantasy (F), Empathic Concern (EC), and Personal Distress (PD). Cognitive empathy includes PT and F, affective empathy EC and PD. While PD taps self-oriented aspects of interpersonal reactivity, higher scores on PT, F, and EC are associated with other-oriented interpersonal activity.
Statistical analysis
Mean error rates and reaction times (RTs) were analyzed via a repeatedmeasures ANOVA with Experiment (right S1-left DLPFC, left S1-right DLPFC) as the between-subject factor, and Session (Baseline, S1-rTMS, DLPFC-rTMS), Condition (No-Touch, Touch), and Valence (Negative, Positive) as the within-subject factors. Post hoc comparisons were performed with the Bonferroni Test. RTs above or below 2 SD from the mean, as computed for each session, were discarded from the analysis; these data represented a minority of trials (Ͻ10%). The effect size in the 
Results
The ANOVA performed on errors showed that the Experiment by Session by Condition interaction was significant (F (2,68) ϭ 3.76, p ϭ 0.028, p 2 ϭ 0.2). No other main effect or interaction was significant (all p values Ͼ0.1). In the right S1-rTMS session, participants committed more errors in the Touch condition (8%) than in the No-Touch condition (4%, p ϭ 0.047) (Fig. 2A) ; no other difference between conditions and sessions was significant (all p values Ͼ0.4).
For RTs the main effect of Session was significant (F (2,68) ϭ 7.15, pϭ0.0015, p 2 ϭ 0.2); the Experiment by Session (F (2,68) ϭ 7.75, p Ͻ 0.001, p 2 ϭ 0.2) and the Session by Condition (F (2,68) ϭ 5.85, p ϭ 0.0045, p 2 ϭ 0.2) interactions were significant. Crucially, the Experiment by Session by Condition interaction was significant (F (2,68) ϭ 12.29, p Ͻ 0.0001, p 2 ϭ 0.4), highlighting the selectivity of the rTMS effects (Fig. 2B) . No other main effect or interaction was significant (all p values Ͼ0.1). In Experiment 1 (rTMS delivered to right S1 and left DLPFC), in the No-Touch condition RTs increased after left DLPFC-rTMS (544.1 ms, p Ͻ 0.0001), compared with both Baseline (510.3 ms) and right S1-rTMS (517.8 ms); in the Touch condition, RTs increased after rTMS to both the DLPFC (540.2 ms) and the right S1 (544.1 ms), compared with Baseline (511.2 ms, p Ͻ 0.0001), with no difference between these rTMS sessions ( p ϭ 1). Touch and No-touch conditions differed after right S1-rTMS ( p Ͻ 0.0001), but neither during Baseline ( p ϭ 1) nor after left DLPFC-rTMS ( p ϭ 0.4). Instead, in Experiment 2 (rTMS delivered to left S1 and right DLPFC), there were no significant differences between conditions and sessions (all p values Ͼ0.1).
A positive correlation was found between the Right-S1-rTMS effect in the Touch condition and the participants' score on the PT subscale (r ϭ 0.58, p ϭ 0.0120): the greater the individual PT score, the greater the disruptive effect of right S1-rTMS on Touch stimuli (Fig. 3) . Other correlations between the IRI subscales and the S1-rTMS and DLPFC-rTMS effects in the Touch and NoTouch conditions were not significant (all p values Ͼ0.2).
Discussion
Four novel findings emerge from our study: (1) rTMS to S1 disrupts affective go/no-go task performance, but only in response to pictures where the emotional state is conveyed by a tactile event; (2) this effect is lateralized to the right hemisphere and 3) is associated with the empathy subscale Perspective Taking; and (4) the activity of the left DLPFC in affective go/no-go functions is independent of the sight of touch, and does not correlate with empathy. This is the first demonstration that S1 is causally involved in encoding the valence of others' sensory states conveyed by a tactile event. In previous rTMS and neuropsychological experiments (Bolognini et al., , 2012 Rossetti et al., 2012) , we showed that visual information depicting a human touch induces a functionally relevant recruitment of (right) S1. Here, we further demonstrate not only that S1 participates in the visual processing of touch, but also that S1 is essential to encode others' social or affective tactile experiences, independently from their positive or negative valence. This is an intriguing finding since S1 has been considered a primary modality-specific area, involved in the processing of the lower-level sensory properties of touch (Penfield and Boldrey, 1937) . Here, we show that S1 is also sensitive to the visual aspects of touch processing over and above simple "bottom-up" somatosensory properties.
A dual role for touch serving both a discriminative and an affective role in human behavior has been described (McGlone et al., 2007) . For instance, while S1 activation is found for processing physical aspects of the tactile stimulation, the orbitofrontal cortex, an area involved in emotional processing, is activated by both painful and pleasant touch, hence representing the emotional dimension of touch, namely rewarding and punishing (Francis et al., 1999; Rolls et al., 2003) . With respect to the sight of touch, by decoupling the affective significance of a caress from its cutaneous sensory properties, a fMRI study (Gazzola et al., 2012) demonstrated that S1 can integrate visual and tactile information during the processing of interpersonal touch, and it is sensitive to the caressers' sex and to the perceived pleasantness of their sensual touch. Brain regions classically associated with affective processing of touch (insula, orbitofrontal and anterior cingulate cortices) are also activated by sensual caress, with only the orbitofrontal cortex being significantly modulated by visual sex (Gazzola et al., 2012) . Ebisch et al. (2011) showed overlapping activation for the experience and observation of touch in S1 and S2, while an opposite activation pattern emerged in the insula for the experience (positive modulation) and the observation (negative modulation) of touch. In sum, the possibility may be entertained that brain regions involved in emotion contribute to the generation of knowledge about another person's affective state and draw on S1 for the construction of a shared representation of observed somatic feelings, via the process of simulation; this, in turn, would enable S1 to participate in the affective encoding of the seen touch.
Future studies shall assess whether the S1-rTMS effect generalizes to the categorization of different types of touch, in addition to that of affective valence shown here.
It is noteworthy that it is the right, not the left, S1 that can discriminate the valence of tactile events. This result is in line with neuropsychological evidence that damage to right somatosensory-related cortices, including S1, impairs recognition of basic emotions, making intensity judgments from photographs, and emotional concept retrieval (Adolphs et al., 1997 (Adolphs et al., , 2000 ; for TMS evidence see Pourtois et al., 2004 , Pitcher et al., 2008 . Neuroimaging studies also show a right S1 dominance for various social abilities. Empathy and perspective taking in complex social situations activate right S1 (Ruby and Decety, 2004) . The simultaneous observation and execution of a finger movement activate somatosensory areas in the right hemisphere, a result interpreted as associated with the preservation of the sense of self (Iacoboni et al., 1999) . Right S1 activity due to tactile stimulation is affected by personality traits (Schaefer et al., 2012b) . On a broader perspective, there is a dominance of the right hemisphere in social behavior and empathy (Decety and Sommerville, 2003; Hein and Singer, 2008; Brancucci et al., 2009 ), such as understanding others' intention (Ortigue et al., 2009 (Ortigue et al., , 2010 , agency attribution (Farrer and Frith, 2002; Lamm et al., 2007) , and theory of mind (Happé et al., 1999; Gallagher et al., 2000; Saxe and Kanwisher, 2003) . Finally, disorders of the sense of ownership of body parts are typically caused by right hemisphere lesions (Vallar and Ronchi, 2009 ).
Our study further shows that the right S1 is also engaged in social touch, being recruited for encoding the affective valence of others' somatic feelings. This right hemispheric lateralization could be the bridge linking a shared somatic representation, triggered by the sight of touch, with higher-order mentalizing processes involved in empathy. This view is supported by the significant association between the interfering effect of right S1-rTMS and the empathy subscale Perspective Taking (PT), which assesses the ability to adopt the perspective of others. This correlation indicates that with increasing PT, individuals start to share the tactile consequences of seen touch, as also suggested by fMRI studies (Gazzola et al., 2006; Cheng et al., 2008; Schaefer et al., 2012a) . Of note, the right S1 also shows a high specificity for first-person perspective in emotional contexts (Ruby and Decety, 2004) . Overall, cognitive empathy skills, such as PT, seem to rely on the use of internal models of shared sensations to understand another person's situation (Gallese, 2007) .
It is also noteworthy that, in addition to the local disruption within the stimulated area, TMS may affect neural activity in areas downstream to the stimulated site. Therefore, the present effects, while relying primarily on changes within S1, may also depend on effects on areas functionally connected to it (Bolognini and Ro, 2010) .
Finally, we confirm the causal role of the left DLPFC in affective go/no-go performance, regardless of the sight of touch. The novel outcome is that left DLPFC activity does not correlate with empathy. So, the interfering effect of left DLPFC-rTMS is more linked to a deficit in more general cognitive functions, possibly executive processes and on-line manipulation of emotional information (Fuster, 1989; Bermpohl et al., 2005) , rather than in empathic abilities. This, in turn, indicates that the neural basis of empathy may be dissociated from that of emotionally demanding cognitive judgments. Indeed, while the DLPFC is more relevant to executive aspects of cognition, orbitofrontal/ventromedial frontal areas play a prominent role in empathy (Preston and de Waal, 2002; Shamay-Tsoory et al., 2003; Salzman and Fusi, 2010; Rameson et al., 2012) . Nonetheless, the prefrontal cortex may allow empathy to take place in a top-down manner: the cognitive functions of the DLPFC may interact with the vicarious activity of S1 when the encoding of others' feelings must be held in mind, and alternative interpretations considered.
In conclusion, the vicarious activity of the right S1 does not merely reflect an unspecific coactivation of somatosensory representations by the sight of touch, being instead functionally relevant for encoding pleasant and aversive consequences of seen tactile events, a function associated with empathy. In a social context, where affective states are evoked by touch, people can project themselves into the tactile situation faced by the other person, through the simulation mechanism supported by right S1.
